This paper is an investigation of the flow fields generated by dual rectangular jets. Specifically, the jets examined are the same as the common slot dies used in the industrial melt blowing process. In this process, a molten polymer is attenuated by air discharging from dual jets. The velocity and turbulence of these flow fields determine the rate and quality of polymer fiber production. The flow field characteristics can be simulated quickly and efficiently using computational fluid dynamics (CFD). These CFD simulations require the use of an appropriate length scale to describe the flow field. This paper describes how these CFD simulations can be used to compare the flow fields generated by different jet geometries.
Introduction
The flow field of a melt blowing die has been studied both experimentally [1] [2] [3] and computationally, [4, 5] and the ability of computational fluid dynamics to reproduce experimental results has been demonstrated successfully. In the previous experimental and computational work, geometric parameters of the dies were changed and the effects of these changes were examined. For instance, in the 2002 article by Krutka et al. [4] (henceforth called KSP I), both blunt and sharp dies were investigated; see Figures 1 and 2 . In the 2003 article by Krutka et al. [5] (henceforth called KSP II), variations of the sharp slot die configuration were compared. These variations included different inset and outset levels, in order to investigate the effect of the nose piece position on the flow properties. As the inset level is increased (i.e., as a becomes more negative -see Figures 1 and 2) , the mean velocity is much higher in the centerline for the same air flow rate. This higher velocity may result in higher polymer fiber speeds, which is desirable. However, the turbulence intensity is also dramatically higher, which might be a disadvantage in fiber spinning. For both KSP I and KSP II, the air velocity and the turbulence throughout the flow field were analyzed using computational fluid dynamics (CFD). The present paper further expands the use of simulations to compare die geometries, and uses a common length scale to describe the flow characteristics and to compare the performance of various die configurations.
Numerical Methodology
In KSP I, the flow fields created by blunt and sharp dies were studied. Figure 1 shows a side view of a blunt die that is commonly used in industry; this view emphasizes the twodimensional geometry of the blunt slot die (i.e., the die can be considered "infinite" in the y direction). The width b of the jets is 0.65 mm. The distance h between the edges of the right and left air plates is 3.32 mm. Figure 2 shows a sharp die. The difference between the blunt slot die and the sharp slot die is fairly obvious: for the sharp die, the nose piece is sharp, not flat. In KSP I, the flow fields from blunt and flush sharp dies were compared. The angle φ between the jets and the die face was varied for the two types of jets. ORIGINAL PAPER/PEER-REVIEWED Figure 2 shows a side view of a sharp die with an inset. The recess a is the distance between the plane of the die face and the tip of the nose piece. For inset dies, a has been designated as negative. For a flush die, a is zero since the tip of the die is exactly in the plane of the die face. For outset dies, the nose piece extends below the die face, and a is assigned a positive value. For all the sharp dies examined by KSP II, the jet width, Except for minor modifications associated with the jet geometry, KSP I and KSP II used the same 2D computational domain and grid for all of their different simulations. Figure 3 shows this computational domain, which is 100 mm long in the z-direction and 30 mm wide in the x-direction, with a jet height of 5 mm. This domain is filled with quadrilateral cells, which are classified into four distinct regions. The coarsest grid is in Section A, which is the region farthest away from the jet. In Section A, the length of the sides of each quadrilateral cell is 0.4 mm. Section B is the next region in the domain, where the length of the quadrilateral cells is 0.2 mm. The cells that compose Section C have a side length of 0.1 mm, while the side length of the cells in Section D is 0.05 mm. This computational domain was used since the highest velocities and turbulence in the flow field are reached in the area close to the die face where the two jets have not yet combined to form one. Therefore, a fine grid is important in regions that are close to the jet discharges and close to where the two jets combine. Farther away from the "action," a coarser grid is sufficient and leads to a decrease in computational time.
The papers of KSP I and KSP II describe the selection of all the different CFD parameters that were used in order to successfully reproduce the experimentally tested flow fields. Specifically, KSP I examined the applicability of different turbulence models for the accurate simulation of the flow field that results from two converging jets. The predictions of the standard k-ε model, the realizable k-ε model, the renormalization theorybased k-ε model, and the Reynolds stress model (RSM) were compared with experimental results. It was found that the RSM model predictions were closest to the experimentally measured flow fields; all the simulation results presented herein were obtained using the RSM turbulence model available in the Fluent TM 6.0 software package. Figure 4 is a comparison of both experimental and simulated dimensionless centerline velocity for a 60 O blunt die and a sharp inset die. The simulated profile is from KSP I, and the experimental data are from Harpham and Shambaugh (1996) . For both the blunt and sharp dies, good agreement between the simulated and experimental results can be observed. It is important to achieve good agreement along the centerline, because the centerline pretty much corresponds to the polymer path when the dies are used industrially.
Results
The flow fields generated by the different types of dies were compared in KSP I and KSP II. In KSP I, the angle φ was varied for both a blunt and flush slot die configuration. In KSP II, the placement of the nose piece was varied for sharp dies. Changing the geometry of the different dies changed the flow field that was generated. Specifically, the flow field characteristics that were examined were the centerline turbulence and velocity profiles. In experimental papers [1] [2] [3] , the distance in the z-direction was made dimensionless using h. However, h can be replaced with the quantity z max . This parameter z max is defined as the point along the centerline at which the dimensionless z-velocity reaches a maximum value.
Figure 1 MELT BLOWING DIE WITH BLUNT, FLUSH NOSE PIECE

Figure 2 MELT BLOWING DIE WITH SHARP, INSET NOSE PIECE
the dimensionless centerline velocity divided by the maximum dimensionless centerline velocity. Likewise, the abscissa values are made dimensionless by dividing by z max . This nondimensionalization procedure produces four centerline velocity profiles that are almost coincident. Therefore, using z max as a length scale is appropriate. Essentially, one curve fit can be used to describe the centerline velocity decay of a blunt die with any angle in the range considered on Figure 5a . Similarly, Figure 5b shows the dimensionless centerline velocity for the (flush) sharp dies with four different angles. Again, using z max to make the length scale dimensionless allows for one curve to be used to fit the centerline velocity decay of all four flush dies.
For the inset and outset dies, plots can be constructed that are similar to the plots in Figures 5a  and 5b . For the case of sharp inset dies, Figure 6a compares the centerline velocity divided by the maximum centerline velocity versus the nondimensional distance from the die face. Again, the use of z max as a length scale makes the velocity profiles nearly coincident: one curve can describe all four of the simulated inset dies. Figure 6b shows a similar set of profiles for a range of outset dies. These profiles are also coincident. All of the blunt and sharp dies, including inset, flush, and outset, have centerline velocity profiles that can be described by the following curve fit:
The constants e and f for each of the different types of dies are given in Table 1 .
Using Figures 5a, 5b, 6a , and 6b, the centerline velocity decay for different types of dies can be estimated without experimentally or computationally testing the die. To use these different plots, however, z max must be known. This need is filled by Figure 7 , which gives a correlation for the blunt and sharp flush dies that allows z max to be calculated when the die angle is known. Therefore, for a wide range of die angles, both z max and centerline velocity decay can be estimated without testing the die. Figure 7 applies to flush dies. For different inset dies, Figure 8a relates the nose placement to the position of z max . For outset dies, Figure 8b relates the nose piece placement to z max . Thus, for a wide range of nose placements in a sharp die, z max and the centerline velocity decay can be estimated quickly and efficiently. Although the centerline velocity decay is important to the attenuation of the fiber when the dies are used to extrude polymers, the maximum air velocity must also be considered. A greater centerline velocity maximum can lead to a higher rate of polymer production. As a function of die angle, Figure  9 sharp flush dies. This plot demonstrates that the maximum velocity along the centerline is increased as the angle between the walls of the jet and the face plates is decreased. Figure 10 shows the maximum centerline velocity achieved by the different sharp dies. A single curve successfully describes the inset, flush, and outset sharp dies. As placement of the nose piece is moved in the positive z-direction, the maximum centerline velocity decreases until it reaches a plateau. Several of the outset dies have similar centerline velocity maximums.
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Although the centerline velocity is extremely important for polymer production, the turbulence along the centerline must also be considered, because strong turbulent velocity fluctuations can cause the polymer fibers to break off and/or stick to the die face. To quantify this effect, the centerline turbulence intensities of the different dies have been compared. In KSP I and KSP II, the centerline turbulence intensities were compared by using h as the length scale. However, as was discussed above, z max can also be used as the length scale. Figure  11a Figure 11b , which compares the centerline turbulence intensities of the different sharp dies. Again, the turbulence intensity increases as the angle φ is decreased.
The centerline turbulence intensity can also be compared for the different sharp dies. Figure 12a compares the centerline turbulence intensity for the inset dies. As the nose piece is moved in the negative z-direction (i.e, the nose piece is recessed farther above the die face), the turbulence intensity along the centerline increases. Once again, a tradeoff is experienced between increasing centerline velocity and increasing centerline turbulence intensity. Figure 12b compares the centerline turbulence intensity for the different outset dies. Similar to the inset dies, as the nose piece is moved in the positive z-direction, the centerline turbulence intensity is decreased. However, the difference in the flow fields between the different inset dies is much larger than the difference in the flow fields of the outset dies. As the nose piece is moved in the positive z-direction, the turbulence intensity decreases and then plateaus. This behavior parallels what was discussed above concerning the centerline velocity decay.
Conclusions
The flow field generated by dual rectangular jets can be utilized for polymer production in the melt-blowing process. The geometry of the jets in a melt-blowing die determines the flow field characteristics. Using the length scale z max permits the comparison of the flow fields from different blunt and sharp dies. This length scale is useful because it allows for the flow field characteristics from several different dies to be described by one curve fit. Therefore, if the geometry of the jets is known, the correlations that have been presented can be used to estimate the maximum centerline velocity, the location of this maximum, and the maximum turbulence intensity.
Nomenclature b = width of the air slots at die face (see Figures 1 and 2 ), mm b o = face width of the die slot (see Figure 2 ), mm d = the width of the air slots in a direction parallel to the die face, mm h = gap between edges of air plates (see Figures 1 and 2 
